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© System and method for communicating signals in a cased borehole having tubing. 


© A system and method are disclosed for wireless two-way 
communication in a cased borehole having tubing extending 
therethrough. A downhole communications subsystem is 
mounted on the tubing. The downhole subsystem includes a 
downhole antenna for coupling electromagnetic energy in a 
TEM mode to and/or from the annulus between the casing and 
the tubing. The downhole subsystem further includes a 
downhole transmitter/receiver coupled to the downhole an- 
tenna, for coupling signals to and/or from the antenna An 
upholc communications subsystem is located at the earth's 
surface, and includes an uphole antenna for coupling electro- 
magnetic energy in a TEM mode to and/or from the annulus 
and an uphole receiver/transmitter coupled to the uphole 
antenna, for coupling the signals to and/or from the uphole 
antenna. In accordance with a feature of the invention the 
annulus contains a substantially non-conductive fluid (such as 
diesel, crude oil, or air) in at least the region of the downhole 
antenna and above. An advantage of the disclosed communica- 
tions links is that transmission losses can be kept relatively low 
since the annulus between the tubing and the casing has been 
filled with a non-conductive fluid. The relatively high efficiency of 
the transmission link facilitates battery-less operation or 
operation with a rechargeable battery. This can be achieved by 
transmitting power downhole and using the received power 


downhole as a source for a downhole power supply that 
energizes the downhole equipment and/or charges a downhole 
rechargeable battery. The disclosed communications system 
also benefits from use of a spread-spectrum coding scheme" 
employed, which is found to be particularly effective in 
accurately carrying information over the transmission link, even 
in the presence of conditions that cause substantial inter- 
ference. In one disclosed embodiment, the coding scheme is 
adaptive to take account of changing conditions of the 
transmission path. It is further demonstrated that communica- 
tions can continue, even in the presence of shorts between the 
tubing and casing. 


Bundesdruckerei Berlin 
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D scription 

SYSTEM AND METHOD FOR COMMUNICATING SIGNALS IN A CASED BOREHOLE HAVING TUBING 


5 BACKGROUND OF THE INVENTION 

This invention relates to communications in an earth borehole and, more particularly, to a wireless telemetry 
system and method for communication in a cased borehole in which tubing is installed. The invention further 
relates to the communication of information in such a system, in close to real time, during perforation, testing 

10 stimulation (such as fracturing) and production. 

During perforation, testing, stimulation, treating, and/or production of a well, it would be very advantageous 
to have accurate information concerning conditions downhole; particularly, conditions such as pressure, 
temperature, fluid flow rate, weight on a packer, etc. Techniques for utilizing information concerning these 
conditions have advanced in recent years. Accordingly, . if suitable information concerning downhole 

15 conditions is available, the interpretation resulting therefrom can be used to make decisions that can greatly 
enhance the ultimate production and cost efficiency of the well. An example, is the so^cailed Nolte-Smith 
technique for interpretation of fracturing pressures (see "Interpretation of Fracturing Pressures", Nolte et al., 
SPE, 1981), which is widely used in industry, and has intensified the desire for continuous bottom-hole 
pressure data. The importance of obtaining these data as they occur (in close to real time), for example for 

20 controlling a fracturing operation, is substantial (see, for example,. "The Real-time Calculation Of Accurate 
Bottomhole Fracturing Pressure From Surface Measurements", R.R. Hannah et al., SPE, 1983; "Prediction Of 
Formation Response From Fracture Pressure Behavior \ M.W. Conway et al., SPE, 1985; "Computerized Field 
System For Real Time Monitoring And Analysis Of Hydraulic Fracturing Operations * , M . P. Cleary et al., SPE, 
1986). However, to Applicants' knowledge, there is no currently existing technique for obtaining 

25 measurements of downhole conditions that does not have significant drawbacks. 

Among the existing techniques for obtainment of data~on downhole conditions with tubing in place are the 
following: 

1. Data can be taken with a measuring instrument^ downhole, arid recovered after completion of the job. 
This has the obvious drawback of the unavailabiiiiy of the data during the job, and.limitations on downhole 

30 power and data collecting ability. 

2. In a situation of a packerless completion, the bbttpm hole pressure can be estimated at the surface 
< via measurement of the annular static fluid column. This provides only a I ow.frequency. filtered pressure 

measurement. Also, the casing is exposed to treating pressures. 

3. Bottom-hole conditions can be approximated from conditions measured uphole, for example 
35 pressure, fluid properties, etc. However, the accuracy of these indirect measurements is generally poor. 

Among the reasons, is the close proximity to surface pumping noise; 

4. Sensing devices can be placed downhole with an electrical cable strapped to the outside of tubing, 
or run inside the tubing, or can be lowered after the fact to connect downhole or to interrogate a 

.downhole device. These techniques have obvious advantages in providing a good communications link.'. 

40 However, in addition to the cost of the cabling, the possibility of the. cable tangling, interfering with 

mechanical structure and/or fluid flow, breaking, or not making suitable contact downhole, renders this 
technique less than ideal in many applications. 
The prior art describes a variety of wireless communications systems for measurement while drilling. Some 
of these are measurement-while-d rilling systems that utilize the drill pipe and the formations (and/or metal 

45 casing, to the extent present) to transmit electromagnetic signals oyer a "transmission line" that includes the 
drill string as a central conductor, and the formations (and/or casing, as the case may be) as outer conductors. 

In the U.S. Patent No. 4,057.781 Scherbatskoy, there is disclosed a measurement and communications 
system for measurement while drilling which employs a cable for communication between sensing devices 
located near the drill bit and an intermediate communications system that is first mounted at the top of the drill ■ 

50 string when a round-trip drill bit change is implemented. As drilling proceeds, drill pipes having an insulating 
coating painted thereon are added to the string, so that the' intermediate communications system will 
eventually be a few hundred feet below the earth's surface.. Rubber drill collar protectors are provided to , 
prevent the drill pipe from rubbing against the casing. .Communication between, the intermediate 
communication system and a surface communication system is wireless, A toroidal antenna at the 

55 intermediate communications system launches a signal that is received by a toroidal antenna at the surface, 
the toroidal antenna surrounding a conductor that is connected between structure coupled to the drill string 
and. the metal borehole casing. (Alternatively, the patent notes, potential between the drill string and the 
casing can be utilized.) The wireless link can be utilized for two-way communication, and can also be used for 
sending power downhole for operation without a battery or for charging a batt ry. The patent states that an 

60 important feature of the invention is to have the intermediate . communication system away -from the drill bit 
environment, and also indicates that the communication betw en the intermediate communication system and 
the surface is practical over only relatively short distances, for example, 1000 feet. Among the practical 
limitations of the apparatus described in this patent are the need for a cable between the intermediate 
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communications and the system near the bottom of the hole, the need for providing an insulatina coat™ 
the upper port.on of the drill string, and the limitations on the length of tte Sless communicaSn 
^ Other measurement whining schemes, communication system! and 00^^15?!^!^ in 

2,225,668 2,354,887 2,400,170 2,414,719 2,492.794 2,653,220 2,940 039 2 989 6212992 325 3 090 0^1 S 

testing. st.mulat.on, etc. These operations can involve severe pressure temoerature „nd 1!^ P , 
v,brat.ons in the downhole environment and uncontrolled motion ^ the Ling ' mechan,ca ' 

It is among the objects of the present invention to provide a wireless communication sv^m an* m»»k ^ < 
use ,n a cased borehole that has been equipped with tubing. It is JSS ^ oSiSs onEnlr 
prov.de such a communications system which can operale under ad^^Zns SSiSSnSth2' 
severely perturb the transmission path for communication; which can provide S ^332 
communication between the earth's surface and one or more downhole locations which * L^h, , 
communicating power to a downhole location, where the power is ^oSZ^STL^S^^l * 

scheme that permits accurate transmission of data, and which can be adapted for SnTes in he 
charactenstics of the transmission path during particular conditions. . 9 


SUMMARY OF THE INVENTION ! 


The system and method of the present invention has particular application for use in an earth barege 

electromagnetic energy in a TEM mode to and/or from the annuius between the casing and " h Subina S 
downho e subsystem further includes a doWnnote transmitter/receiver coupled^ tl^hSenJa 

TPM 11 T 6a H/ S f UrtaC !' includes antenna means for coupling electromagnetic enemvTn a 

milT w and/o t r K frorn th , e annulus, and.an uphole receiver/transmitter coupled to tte upho! ^ antenna 
inlnttn ,k P ' ,n ? the S T alS t0 3nd/0r fr6m the "P^'e antenna means. In accordance Si afeatareof the 
h^on nf th n H US K°r ,a,n f a . s ! ubs,antial, y non-conductive fluid (such as diesel, crude oi or Sin aMeS 

p°c~ " subsystem, and is operative, inter alia, to prevent incursion of fluid into the annulus abote the 

k^fiS* 0 V he c ™ ni ? ations »"•< "«!ired in the present invention is that transmission losses can be 
K t (S ' nCe ,hS , an ? U ' US bS,Weeh the tubin 9 and the casi "9 has been filled wi^ a non!condu^1ive ■ 

f P T 6r ' S needed f ° r ,ransmission P< information. This tends to reduced downhole power 
requirements and permits operation with less battery power when a batterv is Pmnin„ B H Th™.?^. c ^ 

in de^b™ S 2S 5 b6 r ,itS fr0m otherf -t 9 ures 'ereof, Sc&escnSd ' 
Further features and advantages of the invention wiil become more readi^ apparent from the following • 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


BNSDOCID: <EP 029517BA2J_> 


0 295 178 

detailed description when taken in conjunction with the accompanying drawings.. 

BRIEF DESCRIPTION OF T HE DRAWINGS 
5 

Fig. 1 is a simplified schematic diagram, partially in block form, of a system in accordance with an 
embodiment of the invention, and which can be used to practice the method of the invention. 

Fig. 2 is block diagram, partially in schematic form, of the downhole measuring and communications 
subsystem. . 

10 F |9- 3 illustrates a configuration of an embodiment of the downhole tool. 

Fig. 4 is a diagram, partially in block form, of an embodiment of the uphole communications subsystem. 

Fig. 5 illustrates a portion of an embodiment of the downhole subsystem, including a power suddIv 

driven by power transmitted from uphole. 

Fig. 6 is a diagram of a portion of an embodiment of the downhole subsystem utilizing two toroidal 
15 antennas. ...-•*.:•••. - ' - - 

Fig; 7 illustrates a portion of a sequence of a pseudorandom code of the type utilized in an embodiment 
. of the invention. 

Fig. 8 shows an example of waveforms for a received message consisting of 15 bits of information. 
Fig. 9 illustrates the matched-filtered results obtained. by autocorrelation of the Fig. 8 waveforms 
20 Fig. 10 is a flow diagram of a routine for programming of the downhole processor. 

Fig. 11 is another routine for programming the downhole processor for an adaptive code selection test 
sequence. * ■,.*.*. 

Fig. 12 is a flow diagram of 1 a routine for. programming the uphole processor for decoding the 
spread-spectrum coded information sent from downhole'. 

25 Fi 9* 13 is a f,ow digram of another routine for the uphole processor, pertaining to the adaptive code 

modification. ; 

Fig. 14 is a schematic of a differentia lumped Circuit, setting forth model components of the system. 
Fig. 15 is a schematic' diagram of a transmission line model. 

Fig. 16 is a schematic diagram of another transmission line model, with a shorted section. 
30 ' - ■ F j9- 17 is a schematic of parameterization of a coaixial pipe system, as seen from an end view. 

Fig. 18 shows the effects of a point short at Varipus;positions along a transmission line. . 

Fig. 19 shows the effects of a short of various lengths. 

' Fig; 20 is a flow diagram of a routine fbr dismbdiJIatipn in accordance with a feature of the invention. 

Fig. 21-24 illustrate 1 a sequence of pseudorandom codes sent and received during a condition of 
35 shorting, and show the effects of using a demodulation technique at the receiver. 

" DESCRIPTION OF THE PREFERRED EMBODIMENT 

40 Referring to Fig. 1, there is shown a simplified schematic diagram of a system in accordance with the 
invention and which can be used to practice the method of the invention/Earth formations 11 1 are traversed by 
a borehole that has been cased with a steel casing 115. In this illustration, the borehole has been equipped 
with steel tubing 130 that may be conventionally employed during or .for perforation, stimulation, testing 
treating, and/or production: As used herein/the term Cubing" is intended to genericaily include an elongated 

45 electrically conductive .metal structure having an internal passage which can pass fluid through most or all of 
its length, and having a periphery that is smaller, over most of its length, than the radius of the cased borehole 
in which it extends 


SO 


55 


60 


65 


The downhole apparatus 140 is mounted, in Fig. 1, on one of the lower sections of tubing, and above a 
packer 135.,The downhole apparatus 140 is shown as being contained within a tool enclosure 141, and 
includes a downhole sensing and communications subsystem 145 and at least one antenna means which in 
the illustrated embodiment, is a toroidal antenna 149. Protective collars, such as are shown at 102 are of an 
insulating material, and help prevent contact between the tubing and casing. These collars are spaced closer 
together at.greater depths to prevent buckling under the higher forces encountered. An uphole apparatus 160 
includes an uphole antenna means 161; which, in the present embodiment, comprises a transformer having 
one of its windings coupled across the casing 1 15 and the tubing 130 and the other of its windings coupled to a 
control and communications subsystem 165. ' . . ' 

In the present invention, electromagnetic energy in a transverse electromagnetic (TEW) mode is launched 
in the annulus defined by the region 20 inside the casing and - outside the tubing. A substantially 
non-conductive fluid, for example diesel or crude oil or air, is put in the annulus, and serves as the 
non-conductive dielectric in the transmission line model. Without such fluid in place, transmissions ov r 
relatively long distances (more than a few hundred feet), will generally suffer high attenuation and be of limit d 
use. The packer 135 serves, inter alia, to prevent incursion of conductive fluid from below the pack r into th 
annulus of the transmission line. • 

The .uphole antenna means may alternatively be ^ a toroid around the tubing 130, or any other suitabl 
excitation and/or sensing means that excites arid/or senses electromagnetic energy in a TEM mod which 
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propagates in the annulus between the tubing and the casino Th 0 H™.,„h„i - . 

any suitable excitation and/or sensing means In the ore^nt e^LSt l ? " te T mea , nS 149 may also be 
to be electrically conductive, there is effects" shor? ^S£S^ f PaCkeM35 * aSSUmed 
toroidal antenna is an effective exciter and/or » omof1hecoaxial Emission line, and the 

employed to ensure a short oMub,^ ■ inductive pin can be 

such short near the downhole antenna (e o antn^.l? dOWnbole commun.cat.ons subsystem. [If there is no 
positioned a considered SsSce (bZ™^*?^ " "T^ " the d ° Wnh ° le 3ntenna is 
impressed between the tubing and cS^ B ZL^ h T m SU ° h Sh0rt ' 3 si9nal 

ssr. «? — - ^sssss: 

From the standpoint of current flow the currpnt finm m +k r-- - 
the lower surface of the insulated SheLfl^ sT El 2' \ T*™* 35 f0 "° WS: d0wn from 

packer 135 to the tubing 130. upT ^ough ZTo^^ - T" 9 " 5 * P3Cker 135 ' aCrOSS ,he 
surface, across the slips 189 fee Rg 4, an then Twn^TT*™ W and tUbin9 130 t0 tha 

prevent interference, a rig iso aScr ^SSSnn C ♦ ° f the insula,ed flan 9 6 - T ° 

as an insulated section % treason ^T^anhe' p^eT' <SUCh 

comS^ d «e measuring and 

pressure, temperature torque * weigK on SvtJl^^* 0 "* m Ca " be measured downhola « 

power mode, for example upon thVbhseTof^un^ desired, : to cause activation- from a low 

downhole circuitry. • P U ^!??:< $ e .processor 250 .controls operation of the other 

which, in this embodiment is a S ^if^^^W ^^° r T dnve ^' S -^ upled ,o tor ^ dal ante ™a 149 

140^^ "'Nation, the downhole subsystem 

reduced inner diameter), and Se bS^ W*!? ° r neCe88ar * can have a 
the downhole circuitry of Fig Zm^Sto^S^ ' oT b ° ard(s) ^ ° n which can be moun *"o ' 
is open-ended to permit S^SS^SSSS^S^ T* ^ C0Ver 142 ' which 

insulator 143. It will b^rTdefstood that vS SSeSouS' ' T** ^ tUt>in9 by 3 barrel ' 
components can be employed " alternate configurations and arrangements^ the subsystem 

conarSu^^ * « of the uphole " 

transformer 161 is coupled 6etwe* t^^^L^^^ Sh ° Wn ^ 1 - «*. winding of- 
coupling can be across a flange that Y rnSld nh ^ asm9 3 " an 9 e 131 - As *»n further in Rg. 4, this 
insulated from the lower suS ^^SlSlKSS * J*** 131 

coupled, in a balanced configuration to a or^mSIin SfSl . 9 , ' The ° ther transform <* winding is 
415 is coupled to an analog- toSkrconS 

processor may comprise any suitab e coSer ^ mJl P f ^'^ ' S C ° Up,?d t0 P ro ^ssor 450. The 
input/output ports etc (riot shown m ^ ro P rocessor - for a ^mple, having associated memory, 

clock 425 is provided h'JSS^Lft^S " Wv' 3 680 °° pr ° CeSSOr may be em P ,0 V ad; Uphole 
besynchronLdwirtheS^ 

The descriptions of Fig;s 2 and 4 thiS'r haS^ T * 495 ™ 3lS0 provided - 

downhole to uphole. However the transm ssion Zl S fh - V T^™* W " h tran ? mis *on of signals from : 
be provided in the uphole and do^hole ubsys em fto^lT*™ * bidirectio ^ ««• circuitry can- 
control information and/or power I^TSSStfS.^*^^ transm.ss.on from uphole to downhole of 
converter 471. and then to transformed driveVSl^ h° f, ;° m ;P rocess ° r 450 is coupled to digital-to-analog 
operating in a transmission S Tro 2 Sroifi 6 ^1™*°™" 161 WhSn the U P hb,e subs y stem ^ 
272, analog-to-digital 273, and I then processor 250 wSn^ f ' S kT' 60 ' l ° 3m P ,ifier ' 271 - anti-aliasing filter , 
mode. Suitable switching and iSteS'^ subsystem is operating in a receiving ..- 
Rg. 2, a further- output of processSS^PH 2vTi ^ b -v pr0V ' ded ' ^ecessary. In the diagram of -.. 
driver292,todownholeactu!,torde V fcX • 

types of devicesfor actuation froSle and/oM 

. . . " "PV 01 . 6 r"* 0 ^" 1 accordance with aprpgretnmed downholeroutine; .. 65 
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In the embodiment of Fig. 2, the battery 260 is shown as providing power for the downhole circuitry. The 
transmission link of the present invention can also be used to transmit power from uphole to downhole, and 
the pow rcanbeutiliz d to run the downhol circuitry and/or to charge a recharg able battery. For example, 
as shown in Fig. 5, a power supply circuit 520, which includes suitable rectification and smoothing circuitry, as 
5 represented by elements D1, C1 and L1, is coupled to the downhole antenna 149 via a semiconductor switch 
510 (controlled by processor 250) and bandpass filter 515. In the uphole subsystem, an AC power source 490 
is coupled to transformer 161 via switch 492, controlled by processor 450. There are a number of options with 
regard to the transmission of the power and its receipt downhole. If desired, the power signal can be sent 
during quiet periods of information signal transmission (in either the downhole or uphole signal directions), or 

10 the power signal can be sent simultaneously with transmission signals or with the information being, 
transmitted to downhole being superimposed on the power signal. Regarding receipt of the power signal 
downhole, this can be done using the same receiving antenna as is used for the- information signal, as 
previously illustrated. In Fig. 6, a separate receiver antenna 249 is illustrated as being provided for receiving the 
power signal. Another alternative is to provide separate antennas for transmitting and receiving, uphole and/or 

15 downhole. ' ' 

In accordance with a feature of the invention, the .annulus between the tubing and the casing is filled (at 
least, in the region of the transmission linkj.with a substantially non-conductive fluid, for example, diesel, crude 
oil, or air. In generai, as used herein, a substantially non-conductive fluid is intended to mean a fluid having a 
conductivity of less than about 0.1 Siemens/meter, and |t is preferred that the conductivity be less than about 

20 10 -3 Siemens/meter. There are various ways in which. the .desired non-conductive fluid can be put in place. As 
an example, conventional completion practices provide aiacility to circulate fluids from/to the annulus to/from 
the tubing; for example'a flow control valve 105 in the tubing immediately above the packer 135 (see Fig. 1). 
The valve 105 can be controlled, for example, by' rotating the tubing. Alternatively, this- valve could be 
associated with the packer 135. Prior to treatment, the existing fluid can be circulated out and replaced, as 

25 desired, with the non-conductive fluid. After treatment (or at any other desired time), the insulating fluid can be 
circulated out with conventional fluid, r . . . - . . . 

In the system arid method of the present'invention, Appiicants have found that it is advantageous to utilize a 
so-called "spread-spectrum 1 technique of encoding" information for transmission over the telemetry link. For 
background on spread r spectrum techniques see. for example, "Spread Spectrum Techniques", R.C. Dixon, 

30 IEEE Press, 1976; "Spread Spectrum Systems", RX^ Dixon, John Wiley & Sons, : 1984; "Spread-Spectrum RF 
Schemes Keep Military Signals Safe",. R. Allan, .Ete^twnjc.pe^ign^' April. 3, .1986. It is known that a narrow 
spectrum Is analogous to a broad or spread up resp^e^time. response, whereas, conversely, a broad or 
spread spectrum is analogous to a narrow well-defined time, response.. [See e.g. "Trie Fourier Integral And Its 
Applications", A. Papoulis, McGraw-Hill, 1962.] In the encoding used herein,, a continuous monochromatic 

35 carrier wave is conceptually portioned into a contiguous, sequence of single-cycle wavelets or "chips"; a 
fixed-length pseudorandom (plus- and minus-) sign sequence is then assigned to a contiguous set of chips, 
thus constituting one "on" bit of binary information. By reversing the signs of the entire pseudorandom sign 
sequence,' one "off "" bit of binary information is created..." 

In an example hereof, each message sent lover, the telemetry system comprises 15 contiguous bits, with 

40 each bit being represented by 63 pseudorandom sign-coded chips. As above stated, the code representing 
the two possible states of a bit are the reverse of each other, at each chip. Thus, for example, if .the 
pseudorandom "code for 1 an "on" bit is "1101000...", the . code for an "ofT . bit would be "0010111..". Fig. 7- 
illustrates the seven "chips" at the beginning of this sequence, with the top waveform showing the beginning 
of the sequence (for; this particular pseudorandom code) for an "on" bit, and.the bottom waveform showing 

45 the reverse pattern., which is the beginning of the sequence for an "off" bit. It is. seen that in the convention 
used in this illustration, a chip having a positive polarity . portion followed by a negative polarity portion is 
designated as a "1" chip, whereas a chip having a negative polarity portion followed by a positive polarity 
portion is designated as a "0" chip. If" one 'digital value", of- information (pressure, temperature, etc.) is 
obtained by chaining together 15 contiguous bits of information, for a 63 chip code,- and a chip (carrier) 

50 frequency of 500 Hz,, one 15 binary bit value of information would be contained in a signal packet of time 
duration 15x63x(1/500) -> 1.89 sec. At a chip frequency of 1000 Hz, the time duration would be 0.95 sec, and 
so on: The well-known Nyquist "sampling theorem" requires a sampling rate of twice the highest frequency 
expected in the incoming" analog signal. This assures, that digital signal processing techniques will function 
properly and that the continuous analog' signal can , be recovered at any processing step, tfso desired. If basic 

55 system "carrier" frequency is 500 Hz it has .negligible, energy above 1000 Hz and thus can be adequately 
sampled at 2000 Hz. / . ~ . 

One chip of signal carries very little energy, and there are many chip-like sources of noise from which signals 
must be extracted. ' The spread-spectrum chains together a contiguous sequence of chips with a 
pseudorandom sign code imposed, thus creating arnore energetic, unique signal element. It has been shown 

60 that the alternative chaining together of uncoded chips, which increases the total energy and distinctiveness 
of the signal, results in an undesirable compression of the chip's spectrum, and is an inferior approach for the 
present application. The generation of the pseudorandom sign code is a thoroughly studied topic. Optimal 
codes can be generated by "maximally tapped" shift register configurations with feedback. S e. for example, 
"Analysis And Design Of Digital Systems", Uzunoc-lu et al„ Gordon & Breach Publish rs. 1984, or Dixon 1984 

65 (supra). 
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The basic "signal event", as shown in Fig. 7, is not well locals in «„™ u 
sp ctrum assures that. with the proper phase fittenna MhTJSS k T'' ' tS broad ' spread 
time. The "optimal" filter normally chosen for lI^uISSS^^ * s, ? n,,,cant, y "jessed in 
"Signal Processing". M. Schwartz, McGraw 8^5^^ 

excursion at a single point in time in the presence of GausS dom noW ° P m ' ZeS the Si9nal 
^Z^i^^^-^^^ . is ,eing applied, thus 

polarities; are clearly visible as bShg-SSo,?"' V aUtOCorrela,ion - The 15 Ms. and their : 

An additional technique which can be utilized to advantano in tK» ^ 
pseudorandom codes for possible use and to 22EHLM?^ IT'' 0 " ta t0 have 3 repertoire of 
accordance with the transfer 1unc«^™£ B ^£^ * ? \V° 56 USed at 3 particular time in 
in question, or during a simila^n^ 

indirectly, by sen^^r^^^^^Sf^- f>; Th»,can be done, for example, 
performing autocorrelations 5 S sSS^ffS d ° Wnh ° ,e " \* P red ^rmined sequence, and 
cleanest autocorrelated signal car thS be Tu^Z ^n t^^f ^ Tht - eo * providin 9 the 
be repeated after a particular period of MTO ^ a^&^S^JT ^ SeleC !- i0n Pr ° CeSS Can then 
diagram of Fig.s 11 and 13] Alternativelv u f S2m^.2?2?^ oond*ons. p.n. this regard, se^further the flbwr 

undSaSnniqSiS feasor, it w,, be \ 

hereof which do not. per se, relate tc^KnSSTes^SroS^ ^ T *°* 
in accordance with known principles. ^Tr&ffSW? 1 ? *^ V-«^rstood as »»lofl. 

The block 1011 represents the coritroi of multiplexer 221 fFio'!)V f « « am «i-i - . -a 
accordance with either a predetermined S 

storage of the data downhole andZloon^Pn fr om "phole. The block 1012 represents the, 

continuous monitor,^ 

predetermined priority basiS.fknoS * accordance. with a . 

appioSrrss 

accordance with a P^^^^S^t^Af^^-^ be ' Emitted can be in 
certain modes of operation CSSS ^ understood that in . 

with its acquisition and st(^^S™5 SSS^S^-^^ ******* simultaneously; • . 
higher than the transmission'datt ^SSSS^^M^^^-^T^' 1 ^ wi " be " 
compromising the fastest available SfcSimSSl^iMP f ' can . be lm P'^ented without - 
provide a backup, for later retrieval in Kthe elen? of T failura in St ° ra9e ?' , CrftiCal data downhole ma * 

retrieved from storage is oompilad&?nSl£-SSiJ trapsrmss.on link orsystem.The information . 
1032). The first data bit ofK^tbtari^E?*^ W,th partic 4 arf °nT>at being used (block . 
code for the bit (i.e., the S c^p code foV a StflT^ V-P***'* spread-spectrum 
described) is fetched from me^o^ and t ans n-i'tttd a! complemen ! ar y 63 chip code for a "0", as previously . . 46 
to be used can be stored ™ ^S^l^oT^lt^^ biock ^^d 1035. The codes 
memory.associated with the ^^^^^^T^- ° r ih P ro ^ammab.e read-only 

the message has been ^SSTSt^SSSt Scon ft? ^In*^ not the last b " of : '. 

until the entire message has been transmitted ls cons,dered < b l°<* 1037). and the loop 1039 continues . \ 

surface..After selection, at ?he surface ^ 

immunity, a control signal is ^t^^SSSSSSSST^^ the best ■ 

the next test sequence. The routine i fci lustratTd Tn Rn ^ 9 k * fpread-spactrum code to be utifeed until, 
code selection test routine upon te^Sa^I^l^^ "S? 1141 represents initiation of the 
representing the selection of the frsf code o S n^T^ W ° Ck 1 142 is e "tered. this block.: 
of the current code, and the b^Zl^nreS^SS^ ^ "S* 1 ^ represef ^ the fetching 
of the code, inquiry is then made dTamdnd ^SiZ^SttTtt " Umberof «ons. 
transmitted. If not. the code index is incrernented ThihnJ^f^ Z 9 Sl °° de 0f < he list has been 
is continueduntil all codes ^£S7STpShSZ^ i ^ T ^entered, and the loop 1 150 
1160). and when it is receS the nW command designing the best code is then awaited (block 
communlqations ^^^Zn^S^ 3SZ£3** ^ a>W Code is ! sp ^ d - 
[The downhole routine for decbdingmesW Currently specified code - ' 

descrtbed herein be.ow in conjunKKe^^^,* 6 ^* 6 ^.^^.^e; and : 
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It will be understood that the downhole processor is further programm d to achieve furth r routine 
functions, such as s nding synchronizing signals to synchronize the uphole clock, sending signals indicative 
of the status of downhole circuits, power, etc. 

Referring to Fig. 12, there is shown a flow diagram of the routine for programming the processor 450 of the 
5 uphole subsystem (Fig. 4) for decoding the spread spectrum coded information sent from downhole. The 
correlation process can performed using either analog or digital technique, and reference can be made to the 
above noted publications for details of the correlation process. In the present digital processing, the next 
sampled level is received and stored in a register (e.g., in RAM) at the next address, as represented by the 
blocks 1206 and 1207. The correlation window, which is an overlay of the spread-spectrum code, is then 

10 moved to the next position (block 1211), the values at each chip position are multiplied, and the results over 
the window are added, to obtain a correlation value for the particular window position, these functions being 
represented by the block 1215. After storage of the computed value, inquiry is made (diamond 1220) as to 
whether or not a predetermined number of correlation values have been stored. If not, block 1206 is reentered, 
further sample values are obtained, and further correlation values computed and stored (loop 1225). The 

15 pattern of peaks is then sought, as represented by the block 1241. Numerically, this would correspond to 
peaks having positive or negative values greater than a predetermined magnitude. The bit values ("1" or B 0 D ), 
depending upon the polarities of the peaks, are then read out (block 1242), and the routine is repeated (loop 
1250) in looking for the next bit. 

Fig. 13 illustrates the routine for the processor uphole in testing the repertoire or list of possible codes to be 

20 used, and selection of one of the particular codes for use during the subsequent time period or during a 
particular condition. The block 1371 represents the transmitting of the command, to initiate the test. An index 
indicating the first test code pattern to be received is initiated, as represented by biock 1372. Correlation is 
then performed over a predetermined number of cycles (block 1 374) ; i.e., trie predetermined number of cycles 
of the test pattern that are transmitted from downhole. A quality figure obtained. for the correlation (e.g. by 

25 determining the strength of the correlation peaks, together with absence of lost signals) is stored (block 
1375), and inquiry is made (diamond 1380) as to whether or not the last code of .the list has been received. If 
not, the test code partem index is incremented (block 1381), arid the loop 1385 is continued until a quality 
figure is obtained for each code of the list. The code having the best performance is then selected (block 
1391), and a command is sent downhole to use this selected code for subsequent transmission, as 

30 represented by the block 1392. 

During operations such as stimulation and testing, the tubing is subjected to mechanical forces that can 
result in contacts between the tubing and casing, which can be viewed as shorts in the transmission line. In the 
present invention, ciamped-on tubing isolators are used to protect against such shorts. Rubber drill collar 
protectors could be used for this purpose, but plastic protectors would have the advantage of lower cost. The 

35 stresses to which tubing is subjected have been previously studied (see e.g "Basic Fluid And Pressure 
Forces On Oilwell Tubulars", D.J. Hammerlindl, JPT, 1980; and "Helical Bucking Of Tubing Sealed In Packers", 
A. Lubinski, Petroleum Transactions, 1961). Compressive stresses that can cause buckling of the tubing are 
highest at the bottom of the well. Accordingly, the tubing protectors should preferably be spaced closer 
together as the bottom of the well is approached. 

40 Notwithstanding the use of substantially non-conductive fluid and of insulating tubing protectors, under 
certain conditions, shorts may occur, and this is considered in the following analysis. 

The characteristics of the of the coaxial transmission line are considered as being uniformly distributed 
along the line. The theoretical development of electromagnetic wave propagation along the transmission line 
can be approached by a lumped differential treatment, wherein the electromagnetic properties of the line for a 

45 differential length dz are "lumped" or assumed to exist as point elements connected by. perfectly conductive 
segments. Fig. 14 shows a schematic of the differential lumped circuit and sets forth model components of the 
system, as follows: the series resistance per unit length of the combined inner and outer conductors, R; the 
series self-inductance per unit length of the conductors, L; the shunt conductance per unit length afforded by 
the annular fluid, G; and the shunt capacitance per unit length between the conductors, C. The differential 

50 equations and their solutions are well known (see, e.g., "Electromagnetic Concepts And Applications", Skitek 
et al. Prentice Hall, 1982) and can be represented in terms of the characteristic Impedance Zo, the propagation 
constant y, and the load impedance Z L . The transmission line characteristics, Zo and v, are defined as follows: 

Zo s (Z/Y)" 2 , (1) 
and 

55, y s (ZY) 1 ' 2 (2) §> \ 

where ,; . . . 

Z = series impedance/unit length = R + jtoL, 
and Y = shunt admittance/unit length — G-hjtoC. 

co is the angular frequency in radians per sec, and is equal to ?7tf, where f is the frequency in Hz. [Since Zo and y 
60 are functions of co, the equations which follows will also be, although specific indications of that functionality 

will only occasionally be made.] 

Fig. 15 schematically shows the transmission line voltage and current locations and introduces the input 

impedance, 2j N . and a source resistance, R s . The input impedance is related to the line parameters and the 

load as follows: ' ' " * 

65 Zm = Zo (Z L + Zo tanhy (J/(Z + tanhy^ )-, (3) " 
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Figure °' the transmission line ; The res P<*tive load-to-source voltage and current ratios for 

and' 0 = IZlN/(RS + Z * W C0ShY l - " Zo/(Rs + * N >l sinh ?^ (4) 
Il/Io - coshy L- (Zin/Zo) sinhy|_. (5)' 

PvniV 6 K '"Tk iCa " y Sh ° WS 1" inSerti ° n ° f 3 Sh0rted Section in, ° the transmission line, such as one miqht 5 

conduct fh^f SeCt ' 0n ° f h6 tUbin9 t0UCheS the Casing or where a secti °" «f the annuter fluid is Wghty 
conductive, the latter occurring, for example, if formation brine has leaked into the svstem The ahnJf S 

^cS,^^^^ 

Vl/Vo = [V L /Vs (1 >] • [Vs»W s (2 '] • [Vs ,2) /V 0 ], (6) 
»nd similarly for l L /lo Equations (4) and (6) provide the necessary relationships to calculate the voltaoe 

•••■-in - Z,k' 3 ' (to)]-i V 0 (a) = [R S + Zm m (to)]"'. ' " 

!T "~*' v; '" Jlt and ,he V° lta 9 e ^d current ratios derivable from relations (4) and (6) the power ^ 
rr\.f { h» v- bocomes ^ v ' y u,c power 

C : a ' -_'V,A/ 0 ) • {[i L /io] • [Rs'+ Z,n< 3 >H (7) 


15 


... . .. . t 


' "1 ^CJ'ietlC fie d exists nrmarih, hoh., Qon *. • . r 1 lcu ai> 


50 


60 


Jn ... . '•-.-'^ticfieldexists 

If*- ... *.,;r....<: current densities in the inner and outer, conductors can for Duraoses of soeeHWnn »h* 3 ° ' -1 

, . ^W^<^^,^mP«i*^,.a^ resistivity in the pipe 

" ? ' ' J ,'' g ' *f "T 9 th3t 6 is smaller than the .thickness o the. pipe 2 combined * 

subs! si/'inr: fcr and algebraically manipulating leads to ' ' ! % 

' R - (' Ti (U-jVp/n)" 2 (rr 1 + r b -i). ' (9) ■ ". > . 

gl m cn S ' V COndUCtanCe/Unit fen 9 th between the inner and outer pipes afforded by the annular fluid is, 

G - l-.Ju, -f f t )/2]/[pf(rt>-ri)]. (10) - ' ; ' ; ' 40 

de£nd5 ma, ° f Pr0Per1ie$ of the ?oaxia. transmission system, this. is the^nly one which is not frequency 

' Ma^JTSX"^ Can ea?i ' y 

" L in (r B /r,)' + '' |ipifS"i>/i^' + 7 l/r«)/4w.' "'"(11)""'' ' ' 45 

and •• — • •' 

• C ="2n:. / In (r b /ri), (12) : : '' ■■■ . 

where and •* are respectively the permeability and permittivity of the fluid In S I (Svsteme International 

taS 6 Tr ~£ rad 1 s/ , nl >'P<? hm - m ) "(tesla-m/amp), r(m), and (coulomb^newton-m^). For purposes of the 
table. i B convcn,cnt to define the unities* relative permeability k™ such that ... - , purposes onne 

ji _ km no. (13) , . i. . . . , , . 

where 

u 0 = permeability of free space = 4n x 10~ 7 (T»m/A) 

and the unitless dielectric constant K such that ' ' 55 

e - Kco, 

where : ' 

60 = permittivity of free space 8,85x10' 12 (C 2 /N»m 2 ) 
Since the annular fluid is nonmagnetic, it is permissible' to. assume that lu = uo ' ' ■ "- ' ' 

bnne (p f ^ 1 ohrn-m, ,n the annulus. The attenuation at 500 Hz in this case is 165.7 dB.^cmmSSSi 
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possible only over relatively short distances. 
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SSfe 0 <= o , e , 99999g8 , O3) 

™ C »i C rKS (W): CHARAC ^"STIC (RE.IM ,ABS) IMPEDANCE » ABSOLUTE 
LOAD-TO-SOURCE VOLTAGE (VLVO) AND POttcR (PLPO) RAT I0S IN d3- 

F. LAMBDA; 2 CR, IK^i.ajj 1C0 . 0 86509 „ „ ^ 

F. LAMBDA; 2CR , » & ri. 200 .O S 22 07 U .££ m le . 4 « J* 

F. LAMBDA; 2 OR, 20 I, rf ^ 38291 ^ ^ 


VLVO, PLPO: «-»«-«. 

UM30A: 20R ' Z0 V ^% L 2 ™: ^ 30708 »■» : *-« »..4 3i 0 es 5 

F. LAMBDA; 2C R, ^ «fi. »jj SC., 2 sa 65 13 . 09 ^ 

F, LAMBDA; 20 R. 2. fe ri. 6C0 . 0 22472 ,.^i 4S 12S1 2 - ?i 3 


F. LAMBDA ; 2CS , ZOl ».*£ 7C0 . 0 19s < 7 ^ 

f, lambda; 2cr , in.rf.OMj se 3 .e 179s7 e ,i C I?. 81 n , 5 

D vlv 0 ?' p ^: lce3 - e - 15124 ■•*y*- 

3 V£VC D ' P LPC- 11C0 -° 14542 8 ' C6 — 

f. lambda; „. zcU z,; 12cs . 6 1312s „ M 

F, LAMBDA; ^ 138 , e 1232 < 7. 77^-6. 6 2 18.34 llf^O 


F, LAMBDA; 20S> ZOI,^ ^ 1C£3 . 0 15124 ^ 
F, LAMBDA; 2C R. «. !..»,; UCC.C MM8 S.O^S „.„ 
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PIPE RADII (INCHES) = 2.SOCOO0 1.437500 
RELATIVE. PERMEABILITY OF PIPE= 2000.000 
DIELECTRIC CONSTANT OF ANNULAR FLUID= 80 00000 
PIPE RESISTIVITY (OHMoU)= 1 .OOO0OOOE-O7 
ANNULAR FLUID RESISTIVITY (OHWoM)= 1.000000 
PIPE LENGTH (M)= 80.CO0OC 
SOURCE RESISTANCE (OHMS) = 0.1000000 

D.C. LOAD IMPEDANCE (OHMS)= (100.0000,9. 9999998E-03} 

FREQUENCY PARAM. CHZf H2,g)= 0 1O0.0OOO 15 

o^: o PIPE RESISTANIC£ ( 0HMS > F0R -5" THKNS . = 4.324S982E-03 

Io^Ce'ImP^ CM); CHARACT ^IC (RE, IM r ABS) : IMPEDANCE L ABSOLUTE 

LOAD-TO-SOURCE VOLTAGE (VLV0) AND POWER (PLP0) RATIOS In dB: 

o F , . LAM5DA; ZOR, 201 \ 20, ZIN: 
VLVO, PLP0: 
F. LAW3DA; 20R, 201 , 20, 2IN: 
VLVO, PLP0: 
r, LAV3DA; 20R/2CI, 20, 2IN: 
VLVO, PLPO: 
F. :Ai.--A; 20R, 201, 20, ZIN; 

VLVO, PLPO: 
' • - 2CR, . 2CI, 20, ZIN: 

VLVO, PLPO: 
ZOR, 2CI, 20, ZIN: 
VLVO, PLPC: 
r . TCR, 201, 22, ZIN: 

.. VLVO, PLPO: 
r . :CP Kt 2CI,. 20,.22N: 

VLVO, PLP0 
201, 20, ZIN: 
VLVO, PLPO: 


' r : :* ; --" A 

r, la*.- >. 

F. Li^riA 


9 - . VLVO , PLPC : 
ZOR, 201, 20, ZIN: 
. VLVO , PLPO: 
ZOR; '201/ 20, ZIN: 
VLVO, PLPC: 
ICR, 2CI.-20, ZIN:' 
. VLVO, • PLPO: 
2CR, ZOI, 20 i. ZJ.N: 
VLVO, PLPO: 


0.0 

999999 

0.00 0.00 

0.00 0.10 



-44.8 

-74 . 7 

100.0 

232S- 

0.01 0.00 

. 0.01 0.11 



-. -117.0 

-145.5- 

200.0 

1383 

.0.02 0.00 

0.02 0.12 



-13S.4 

-164 .8 

30010 

1020 

0.02 0.00 

0.02 0.12 



-147.9 

-177.3 

400.0, 

822 

0.02 0.00 

0.02 0.12 

500 .0 


-157.6 

-ie7.1 ' 

695 

0.02 0.O0 

- 0.02 0.12 



-165.7 

-195.3 

600.0 

607 

0:02 0.00 

0.02 0.12 

702.0: 


; -172.6 

-202.4 

a: 541 . 

0.02 0.00 

0.02 0.12 



- -178.8 . ■ 

-203.7 

" 800-0 

"'489 \ 

0.02 . o.eo 

0-02 0.12 



-184.3 

. -214.4 

900.0 

; 448 ' 

0.02 0.00 

0.02 m 0.12 



-169.4 "' : ' 

-219.7 

ieac;0 

414 . 

0.02 0.C0 

0:02 0.12 



- -194 .0 

-224 .6 

11CC.0 . 


0.02 0.00 

C.C2 0^12 

1202.0 


-19B.4 \ 

-229.1 

? 351 ' 

0.02 o.eb 

0.C2 0.12 



-2C2.4 

-233.4 

1300.0 

340 

0.02 0.00 

0.02 0.12 



: -2D6.2 . 

-237.5 

1400.0 

.322 

0.02 O;00 

0;C3 0.12 



-2C9.B - - 

-241.4 


C : - C : T Z V£ SKIN THICKNESS = 0.6 IN. 
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The tabulated data indicate the relative effects of an elertrirai ch«r+ «♦ 
transmission line and for various lengths of the tub ng and OSHSZ to ^ZShT, ^ ,h * 

m»iohm shod * » J mm !^ZSSSSSS!!SSiZ. ,te ? ee,s ot m "™ 1 

short Is tta Inst e.nstracWc witn ito io„ of .-h,^™ TB|5 ' sure ,na ' c «"> »»l " 'Polnr 

communication over the transmission link P art,c "'*ny near the bottom, is unlikely to prevent 10 

<^^^^^S^^^^^ option of 

to be created by harmonic motion of the ™n7du^^ SffiSS 

attenuated. A demodulation technique cen b 7S$£ to a^aaelt thT^f C °T be S6Verely 
downhole, depending on which subsystem is rece.vjncO in recovering tte^d^Ww^M^thp UPh °- °- " 
subsystem. [With regard to demodulation in communication systems n genemJ 3«^na.f ZV*™™ 3 , 
Communication", B. Lathi John Wilev & Son? kkc, , n t t y " „ " t aene ™ < see Signals, Systems and 
technique is emp.oyed.The receSgntls a™ W * hr 
filtered with a high cut-off at or below the carrier frequency, ThfeloWisffltSnJ^ k '?," paSS 

running average. These operations yield the modulating f^S^SSl^^^JZ^* 
dividing .he incoming signal by the derived modulating function. The result KSC^taSS ESS? 
»" -"tomato gain control which boosts the signals during the periods S2SSi5f W 10 

correlation procedure still exhibits the bits, some are ZS^^^^^^^ 
after the described type of demodulation processing, and Fig 24 shows the results of aSSZ * * I 
demodulation processing. Signal-to-noise- ratio for.: the 15 deeded bits Jas ZK^ESjT' - 
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uphole antenna means ; and 

substantially non-conductive fluid in said annulus in at least the region of said downhole antenna 
means and ab ve. 

2. The system as defined by claim 1, further comprising a packer mounted on said tubing below said 
downhole communications subsystem, said packer being operative to prevent incursion of conductive 
fluid into said annulus. 

3. The system as defined by claim 2, further comprising conductive means below said downhole 
communications subsystem for electrically coupling said tubing and casing. 

4. The system as defined by claim 3, where said downhole antenna means comprises a toroidal antenna 
concentric the tubing. 

5. The system as defined by claim 3 or claim 4 wherein said uphole antenna means comprises a 
transformer having a winding coupled between the casing and the tubing. 

6. The system as defined by claim 1 or claim 5 further comprising a multiplicity of spaced-apart 
protective collars on said tubing, said collars being formed of an insulating material. 

7. The system as defined by claim 6, wherein said collars are spaced more closely together near the 
downhole communications subsystem. 

8. The system as defined by claim 2 or claim 3, downhole subsystem further includes means for sensing 
at least one downhole condition, and wherein the signals coupled to said downhole antenna means 
contain information representing the sensed downhole condition. 

9. The system as defined by claim 8, further comprising means in said downhole system for coding said 
information into a pseudorandom code, and means in said uphole subsystem for decoding said 
pseudorandom code. 

10. The system as defined by claim 9, wherein said code is a pseudorandom sign-reversing code. 

11 . The system as defined by claim 9 or claim 10 wherein said downhole subsystem includes means for 
storing a list of candidate codes; means in said uphole subsystem for determining a characteristic of the 
transmission path between the downhole and uphole subsystems; and means in said uphole subsystem 
for selecting a particular candidate code adapted to said transmission path, and for communicating a 
command to the downhole subsystem to subsequently use the particular candidate code for subsequent 
communications. 

12. The system as defined by claim 1 1 , wherein a sample of each of the codes is transmitted uphole and 
wherein said means in said uphole subsystem for selecting a particular candidate code includes means 
for decoding each of said codes and determining the quality of the decoded result. 

13. The system as defined by claim 8, wherein said uphole subsystem further includes means for 
generating control signals for controlling the downhole subsystem, and wherein said control signals are 
coupled to said uphole antenna means. 

14. The system as defined by claim 2 or claim 8, further comprising downhole actuating devices, and 
wherein said downhole subsystem further includes means for generating control signals for controlling 
said actuating devices, and wherein said uphole subsystem includes means for coupling signals to said 
uphole antenna means for running the downhole control signals. 

15. The system as defined by claim 13 or claim 14, further comprising means in said uphole system for 
coding signals into a pseudorandom code, and means in said downhole subsystem for decoding said 
pseudorandom code. 

16. The system as defined by claim 15, wherein said code is a pseudorandom sign-reversing code. 

17. The system as defined by claim 2 or claim 4 wherein said uphole subsystem includes means for 
generating an AC power signal and applying it to said uphole antenna; and wherein said donwhole 
subsystem includes means for receiving said AC power signal and for converting said signal to a 
downhole power supply signal. 

18. The system as defined by claim 2 or claim 17 wherein said downhole antenna means comprises two 
separate antennas for transmitting and/or receiving different signals. 

19. For use in a borehole which is cased with an electrically conductive casing and has electrically 
conductive tubing extending therethrough; a method for communicating from a downhole location to the 
surface, comprising of steps of : 

encoding downhole information into a pseudorandom sign-reversing code signal; 

mode 3 " 5 " 1101 " 9 Sa ' d ° 0de S ' 9nal fr ° m downhole to u P no,e in tne forrTI of electromagnetic energy in a TEM 

receiving the transmitted code signal uphole, and decoding said code signal by correlation with the 
pattern of said code signal. 

20. The method as defined by claim 19, further comprising the steps of transmitting a number of different 
code signals uphole, receiving said code signals uphole, determining a characteristic of the transmission 
path from the received code signals, and sending a command signal downhole to select the best availabl 
code signal for the transmission path. 

21. For use in an earth borehole which is cased with an electrically conductive casing and has electrically 
conductive tubing extending therethrough; a method for communicating betw en a downhole location 
and the earth's surface, comprising the steps of: 

encoding downhole information into a pseudorandom code signal; 
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J nrntth, said code slon* ton down**, to „p W , „ „ f0 „ 0 , elMroma0Mc e „ ergy .„ , 
signal.. 

as e med by claim 21, wherein said code signal is a pseudorandom sign-reversing c 


J code 


23. The method as defined by claim 21 or claim 22 wherein «iH ^ .■«♦• 
filtering the received code signal, and wherein *Ur!E£2Z£ demodu,at,n 9 ste P comprises low pass 
signal by the determined modulation funS Pr ° CeSS ' ng ste ? com P r,ses dividing the received code 
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© System and method for communicating signals in a cased borehole having tubing. 


© A system and method are disclosed for wireless 
two-way communication in a cased borehole having 
tubing extending therethrough. A downhole commu- 
nications subsystem is mounted on the tubing. The 
downhole subsystem includes a downhole antenna 
for coupling electromagnetic energy in a TEM mode 
to and/or from the annulus between the cas.ng and 
the tubing. The downhole subsystem further includes 
a downhole transmitter/receiver coupled to the down- 
hole antenna, for coupling signals to and/or from the 
antenna. An uphole communications subsystem is 
located at the earth's surface, and includes an up- 
hole antenna for coupling electromagnetic energy in 
a TEM mode to and/or from the annulus, and an 
uphole receiver/transmitter coupled to the uphole 
antenna, for coupling the signals to and/or from the 
uphole antenna. In accordance with a feature of the 
invention, the annulus contains a substantially non- 
conductive fluid (such as diesel, crude oil, or air) in 
at least the region of the downhole antenna and 
above. An advantage of the disclosed communica- 


tions links is that transmission losses can be kept 
relatively low, since the annulus between the tubing 
and the casing has been filled with a non-conductive 
fluid. The relatively high efficiency of the transmis- 
sion link facilitates battery-less operation or opera- 
tion with a rechargeable battery. This can be 
achieved by transmitting power downhole and using 
the received power downhole as a source for a 
downhole power supply that energizes the downhole 
equipment and/or- charges a downhole rechargeable 
battery. The disclosed communications system also 
benefits from use of a spread- spectrum coding 
scheme, employed, which is found to be particularly 
effective in accurately carrying information over the 
transmission link, even in the presence of conditions 
that cause substantial interference. In one disclosed 
embodiment, the coding scheme is adaptive to take 
account of changing conditions of the transmission 
path. It is further demonstrated that communications 
can continue, even in the presence of shorts be- 
tween the tubing and casing. 
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